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elective (RD~). ~let~ntm~ gol~ s~l~e~ and col~e~

electrodes v~re ~e~ tO measure p~la~ation curve| ~Or

ox~a~ ~ed~Ction at ooncentration~ betveen 0.07 ~

and 7.2 i:~m. The pu~X)se O~ t~ese ~eemar-~e~ts yes to

test the applicability o~ the RDE as 8 p:J~ary re~arence

Itandard for the msu~e~ent of oxygen concentrations

belov 0.1 p~m ~n seavstet.

.~-Id be used to detem~ne ozygen COncentrations as Icy

as 0.07 p~m 4. ne~tzel ~e solution vith ~2~ acc~acy,

b~t ~sve results ~h~ch ~ete about 20~ h£gh £n 8eavete~

at the same ozygon l~vel.

The lo~ limLt of epp~cab~ty o~ the qold

to be about I ppn. The copper and s~lver electrodes

corroded too rapidly to be o! use Ln thLs study.

~ho ~LneLtaJ and mechaaLm ~ oxygen roduc~on

st platAnum v~re lnveltLfat~d by nelns o~ an J~E. &

klaet~e exprees~on ~or the current ~or ox~gea reduction

~ao developed, ta~Laq into account both dtrect 4-electro~

reductton ta Olt" or ~0, and electroch~m~81 reductton

vLa h~drogen perozAde. Poestble ~8talyt~O deo0a~oJ~t~on

o! t~drogen peroxide sad lose ot a202 by d~ue~on vere
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St~l
Sh~ft



(1.2)

~l~d~l coordinate8 r. t ~d y. In ~dditi~0 the





~" 0 , v~- 0 , ~" -x , at y- - (1.8)

4B ¯ 2.8 (~)1/2 (1.9)

(1.10)



(1.11)

c I - cl(O| at y - 

c i ~ c i~) at y ~ - .
{1.12)

The ~trat~on profile is obtained by substituting

for the velocity in eqn. (i.II) and integrating twice.

The ~aeJ flux of species tl~ at the rotating disk is

then given by~

(1.13)

D£ [c£ (-) - i (0) ]

~e~ [-~ ÷ 0.8.~-~ - 0.3s4 s~ 5 ÷ ..]d~

(1.14)



, and is introduced for
convenience in solving
eqn. [1.13).

~, ~o ~i~d the fi~t ~on to this

mass ~ans~r pro~]~ ~s,~d that at large $chmldt

n,m~ers, of the order of i000, on~ the first te~ in

the e~onen~ e~i~ in eqn. (1.14) was 

impo~an~, and ~ta/ned the ~:

O- 0.6205 Sc-2/3(~)1/2[c£(-) - ci(O)] . 

0.554

0.8934 + 0.316 Sc-0"36
_ ct(0)]

(1.16)

New-~ (1966) expanded the exponential term in eqn. (1.14)

and integrated the denomina~or ana~tically, to obtain=

0.62048

1 + 0.2980 Sc"1/3 + 0.14514 Sc"2 /3
Sc-2/3 (,~) 1/2

(1.17)

At Sc - 500, ~hiP.h oorresponds to the d£ffus£on of

oxygen in ssw~tor, equation (1.17) doviates from rhe

~exac¢~ solution obtained by n,,m,,rical integra¢lon of

10



(1.1||

II



1 ÷ 0.298 Sc°1/3 ÷ 0.14514 Sc-2 /3

¯ ~[cl(-) - cL(0)| 

So-2/3 ~v) ~/2

(1.20)

¯ be ~rr~s~mding o~#s~o~ based (~ the 

solu~o~ (1.15) tot ~1~ sasm fl~, ~m s1~1~ 

e~n. (1.20), ~o~ f~ ~t ~1~ ~ ~ ~a~o~

1

I ¯ 0.2Se S~ 2/] + 0.14518 S~2/] " ~e~,

~ ~ sty, sO ~ ~ a~led~ ~ fa~ rh~t

~ s~es ’L’ ~a~ at ~e s~fa~ o~ ~e ~L

ill m, or ~ sl~, ~ ~ ~t~q ~r~t ~i~.

p~les ~ a ~s~, ~d the ~tl~l s~d ~,

~ ~t ~ity ~ ~ a~a~ p~cted if ~

~tratl~ of ~ e~r~l~ s~es In ~

b~ of ~ so~ is ~ It ~ elect~

~letim.
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(1.22)



+2@ +2@-

(1.2~A)

2O





(1.24)

The ~t d~e to H202 redu~Lon is

2Z



Tt~ to~l cu~,~ Is ~ stm of (1.25) and (1.26),

(1.27)

(1.30)

23



s b

&t steady sta~e,

(1.32)

(1.33)

SO~

(1.34)

(1.35)

ex~:essLcm for the cu~en~ Ls ob~aLned.



1÷~3

(1.38)

(1.3~)

(1.3?)

This In id~ntL¢81 to t~ ~ressLon derived by Peter8

(1970), equat~m (1.23).



k3

26



(1.42)

27







3O



(1.21)

02 + 2H+ + 2e- - H202 (1.43)

H202 + 28+ + 2e- s~ov 2H20 {1.44)







¯ (1969) fo~td the 02 reduction rat~ ~o be lower 

34









Plate 2. Rotating Disk Electrode.
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I + 0.298 5c -1/3 + 0.1451 5¢-2 /3

TABLE 2.1

Variation of I/~ I/2 with Te_~--~... rature

I/~I/2

T{’C} {sA. secll21ca. 2} T(’C}

20 0.07670 26 0.07825

21 0.07692 27 0.07851

22 0.07714 28 0.07878

23 0.07734 29 0.078g0

24 0.07769 30 0.07930

25 0.07795

An overflow tube was located 2 ca. frms the ~op

of the i~D[ cell. Solution leaving the cell returned

by gravity to the s~turator.

~s leJv/.ng the s~tur~tor after bubbling through

th~ t~lt solution vas brought into th~ top of th~ ROE

ce12. It ¢/z~ulated as ¯ qas blanJ~t abo~ th~ over-

44
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2N I~0 3, then rinsed with dlatilled water.



3.1. Sco~e of this Chapter

~ f~s~ sec~ of ~s c~pter ~s de~ ~

for 02 r~tlon at a platin~ elects ~ air-

~ actlva~ ~e elects ~d ~as~ ~lariza~on

~s are descri~. Polarization c~s ~as~d

In 3.5~ NaCI ~lutlon ~d seawater at o~q~ levels

~n 0.1 ~d 7 p~ are s~.

The rate constant for electronics1 H202

reduction is calculated using a st.Tlified reaction

model, and is co~pared with values published in the

literature. The shortcomings of this s~llfled reac-

tion ~odel are discussed with the aid Of ~he expanded

reaction ~odel derived in Chapter 1. Finally. the

values of the H202 reduction rate constant obtained in

this study a~e pl~tted against electrode potential,

a~d the resulting correlation is co~pared with one

given in the literature.

3.2. Transience OE the Oxygen ~eduction C~nt! an~
Electrode Activation TechniCs

The currant due to 02 ted~otion at an RDE h~ld

at a constont cstl’~odic potential was found to deoreas~

with ti~ to a steady-state value. This hehavio~ was

also observed by Psto~s (1970), as veil as by ¯ number



of o~ ~ti~rs (see Sermon 4.2). S~ ~i~

~t decay ~s Me sh~ in F%g. 3.1.

~ ra~ ~d ~nt of ~t d~y ~re ~

~ de~ on ~ ~e o~g~ ~nc~at~n ~d ~e

elec~l~e ~. In all cases ~e rate of d~ay ~a

~tially ~gh, ~en decreas~ after a~ut 5 sac.

Peters ~t~ ~t ~e c~rent steaded out mr ~ut

2 ~utes =fief ~is initial ~an~ent ~fore sl~ly

~ aga~. Such ~vior ~s obse~ in ~h~e

etudy osiy at o~gen con~n~at~ne of ~ 7 p~ in

3.5~ NaCI. At all other ti~s a ~ntinuous ~rent

d~ay was ohse~d. In the ~nt~l region o£ t~

l~t~g curr~t, ~ver, ~e ~cay c~ ~a ~ch

flatter ~ at pot~s ~I~ those of ~e l~tlng

~to

~e curr~t could ~ reator~ to its initial

value ~ ~g ~e ~E at ~ antic ~tent~l for

aa~ral a~o~s. T~ electra was than said ~ ~

in ~ ~ct~at~" s~. ~e ~tent~l and d~atlon

of ~at~n ~d only a ~nor effect on ~e s~-

~ant ~vior of t~ a~ctr~a. ~Is ~plc will ~

It was obse~, as in Peters’ ~, ~at

a~rt~ afar ~ initial ~an~ant, a~ut 0.2 ~n.

afar alac~m activation, Us currant was wi~in

it of ~t p~ict~ ~ t~ ~vieh e~at~n. ~

51
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each point on the p~lar£za~ion curves: After an~_,~_t-

zatlon et 0.5-1.0 volts vs. SCE for several seconds

the potential yes aade cathodic and the current was

recorded continuously. The current at 0.2 ~ ~fter

the switch fro~ an~fc to cathodic polar~ation was

plotted against the potential. This procedure was

repeated for each stepwise increase in the cathodic

pOtent/el.

Fig. 3.2 shows a polarization curve ~easured

by th~s technique. The li~Itlng current plateau Is

well-deflned and ~he current at the plateau ~a ~l

to the theoretical limiting current. The lower carve

in Fiq. 3.2 is a ptot of the eteady-atat~, or

"declined’, current vs. ~otentlal. It shows no evi-

dence of a I/siting current plateau.

It appears that, under conditions identical to

those of Run 86, the platinma 9D£ could he used as an

inntru~ent for ~eaeurLng 02 concentration. The li.i-

tang current ~ould be found fro~ a polarLzatlon cur~e

usLng the technLque ~lLned above, and the :~vLch

equation (1.20) wDuld then be used to calculate the

02 concentration. It .uat be po,nted out that this

~thod is not entirely based on theory. 7h4 tl~e et

which to ~asure the current after act|vat/o~ o! the



C
u

~
e

~
 

O
e

~
ity

 
(m

A
im

2
)





LimBing
Cu~ ( (c

Run 86

~18 ppm 02

(d) _

~n~ EIo~N Since Act~i~
(o) Zero
(b) ~I rain
(c) ~2min
(d) ~3 rain
I I I

-0.4 -~6 -~8
Potenfiol v$ SCE (volts)

O.OlO





0.6~

! ! I

~018

D.OI6

(c)

(b)





Run 13

~.5 % NoCl

648 rpm

~eoreticol Limiting
Curre~(E~n. I.~OK ~~

~.5 % NoCl
~77 ppm O~
~ T "20"C

627 rpm

6O



~014

Theoreficoi Limiting
Current

Run 58

3.5% NoCl
0.12 ppm 0z

T = 20=C
624 rpm

0 -0.2 -~4 -~6
Potentiol vs SCE (volts)

SoluC£on at 0.12 ppm 02.





inflection point always occurred within about + 30 mV of

a fixed potential. This potential was a f~nction of O~

concentration, as explained in Section (3.7.)

3.3.2. Seawater

In air-saturated seawater ~he polarization

curve obtained {Fig. 3.8 ) was very s~m~ ~a/ to that

obtained in air-saturated 3.5% NaCI solution (Fig. 3.~ | 

The llm~ting current plateau was well-defined at~d the

l~m~tlng current obtained was within 1-2% of the

theoretical value. Apparently, then, at the 7.2 ppm

02 level the -~y organic and inorganic constituents

of seawater did not interfere with 02 reduction at

the RDE. Note, however, that H2 evolution co-~-~.nce~

at a mn~e anodlc potential in seawater (Run 75} than

in NaC1 solutlen (Run ~6). Reasons for th~s are dis-

cussed in Section 3.7.

The 02 ~oncentratlon was then ~owered hy almost

two orders of magnitude. At 0.09 ppm 02 (Fig. 3.9 

in seawater the polarization curve was again similar

in shape to that obtained in 3.5% NaCl. However, the

current at the point of inflection on the seawater

polarization curve was consistently about 20% higher

than the theoretical current.

Part of this discrepancy can be accounted for

by comparing the current due to reduction of certain
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(Eqn. 1.20)
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625 rpm

0 -~2 -~4 -~6
Potential vs SCE (volts)



~ ~ c ~T~eci~ in s~a~tar with t~ 02 r~In~_~_~m

current. ~ ~onic ~ies ~ in ~ter which

~e ~+2, ~+3, Fe+3, ~ p~+2. The l~ting ~nt

for ~e ~duction of ~y s~cies in solution is appr~i-

~ly propo~i~l to D~/3niC ~. The relatively

effect of diff~ivity on the o~er te~ in ~e ~vich

eq~tion is neglect~ he~. Unfort~ately the concen-

~atlons of these trace ionic species, in f~esh sea-

water, va~; they ~y also increase in seawater ~Ich

is pr~ess~ in cop~r or steel e~Ip~nt. However,

the ~g6 of conc~tratio,s in which ~ey ~e us~11y

fo~d in seawater c~ ~ us~ to estate ~elr ~xi-

~ ~d ~nim~ contributions to the ~E current at

the 0.09 ppm 02 level.

The calculations are s-~rized ~1ow in Table

3.1. The dlffuslvities of all the ions are ass~d

to ~ approxi~tely ~ual to that of Cu+2, viz,

6 x 10 -6 ~2~sec.(Se~n, 1971).

T~LE 3. ~.

Contrlbut~o2 of R~uc~ble Ionic S~c~es ~
the L~Itln~ Current In Seawater

Cu+2 0.02 0.20 2 0.33 0.01] 0.132

As+3 0.15 0.30 ] " 0.149 0.29?

Fe+3 0.03 0.30 1 " 0.010 0.100

Pb+2 0.02 0.02 2 " 0.013 0.013

02 2.80 4 0.74 8.29



~f ~dd~ng k~wn ~.>~,ts of ~e~3 and Cu*~ ~alts to NaCl

solution it was confirmed ex~eri~entally that these ions

are reduced in the potential range for 02 reduction

ar~ that t~e value of DCu÷2 o DFe+3 - 6xlO -6 c~2/sec.

respectively. The ~aximu~ ionic contrib~ti~n to the

current at an 02 conc. of 0.09 pp~ is therefore a~ut

6~ which a~o~ts for a~ut 30t of the obse~ed dis-

cre~ ~t~en the ax~ri~n~l and theoretical

currents. At least 70~ a~ as ~h as 90~ of this

discre~n~, therefore, ~USt ~ attribut~ to red.ibis

organics presen~ In the seawater, or t~ ot~r causes.

Kinetic Data Ob~ined In ~en~ontalnin~
So1~t~ons

~.4.1. Air-eaturat~ 3.5E HaCl. ~lutlon

A plot of l~ltlng current vs. ~I/2 for a Pt ~E

In a~r-satura~ NaCI ~lut~on ~s s~ In Fig. 3.10.

activation of t~ ~E. A~ In ~e~ers’ ~rk, this cu~e

s~s ~n increasing deviation fr~ the th~ret~cal

¯ tr81ght line (eqn. 1.20 ) with lncrea~in9 rotatio~l

e~. Zn t~ lntr~uction l~ ~ss polnt~ out t~t



Run 86

3.5% NoCI
~18 ppm 0

T = 2O°C
E :~V

~ 0.4 Current Predicted by
o= Levich Eqn. (I.20)

( 
~ ~1/2 (s~c-i/21) 16



1/~

were also neasured for electrodes at which the ¢~rrent

had reached steady state (declined elect-odes] as

follows: After the polarization curve had been

~easured for an activated electrode, as described in

Section 3.I., the electrode was anodized and then bald

either at a potential slightly anodio to the Ha-evolutlon

potential, in the case of air-saturated solutions, or

at the inflection point potential, in tba ¢aso of lo~er

02 concentrations. The current was allowed to decay

to a steady-state value. The rate of rotation of the

~DE was then increased stepwise and the current

corresponding to each rotational sp:~d was recorded.

The curves thus obtained are discussed in Section 4.~.

The reaction rate constant [k~} for H202 reduc-

tion at e:~ activated pIatlnu~ surface was calculated

using eqn. {1.23 }. The results are ~how~ in Table

~.2 , in addition to ~hose obtained in a slmilar

experiment, and those obtained by Peters in air-

saturated solution.



k3 (c~t./sec.)
Run 83 R~n 86 Peters(1970)

8.2

9.3 0.308* 0.192"

10.35 0.119 0.115

11.3 0.232" 0.105

12.1 0.101 0.115

12.9 0.110 0.106

13.65 0.112 0.103

~an 0.110÷0.009 0.109+0.006

0.127

0.118

0.118

0.110

0.118÷0.008

When calculating mean k3 values the spurious

results indicated b~ asterl~q ~ere rejected. This is

Justified In the case of the lower values of ~ since

at small ~ the experfmental current was very close to

~m theoretical value. Close inspection of Zqn. (1.23)

will conflr~ that snail errors in the experimental

value of ill m can lead to relatively large errors In

the calculated value of k3 under these conditions.

The k3 values obtained in this study agree

closely with each other, and also agree quite ~mll with

these of Peters. The value of the B202 diffusion co-

afflcient used in calculating k3 differed from that

7O



diffusion ~oeffi¢ient for inclusion in Tablo 3,~,

3.4.2. Air-saturated Seawa~-~

K plot i£ ili m vs. ~I/2 for air-saturated sea-

water {Fig. 3.11 ) is similar to that obtained wl~h

NaC1 solution. ~ate constants for H202 reduction

were calculated and are s,-~rized in Table 3.3. They

are somewhat lower than those obtained for the NaCl

solution, especially in the case of ~un 65. A detailed

discussion of this subject appears in Section 3.6.

].4.3. Low 02, Concentrations in HaCl Solution.

Figure 3.12 mhows the dependence of ill m on

ul/2 at an 02 concentration of 0.12 ~. This plot

is similar in shape to that obtained in elf-maturated

solution.

Reaction rate constants evaluated at 0.77 ppm

and 0.12 ppm 02 are listed in Table 3.3. Theme values

are mlqnfficantly lower than those measured in the

same medi~ at air-maturation. This implies that the

r~te constant for H202 reduction is dependent on the

oxygen concentration in the bulk of the solution, a

remult also obtained by Peters (1970). This In turn

Suggests that the reaction rat~ constant Is dependent

On the H202 concentration near the ~D~ murgaoe, mince
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one ~20~ zaolecu~e ±s foxed at ~he RDE for every 02

mo]ecule be~-g red~d. It ~us ap~ed app~p~

to ~clude ~ ~s s~udy of O2 ~ucL~on ~ ~nves~-

gabon o~ ~202 ~ed~on as ~11.

3.5. K~ne~c Da~ Ob~a~ne~ ~n ~2~2 ~lu~ons

3.5.1. C~sin9 ~p~opria~ ~2~2. ~nc~at~ons

Because of ~e appar~t de~ndence of ~e H202

r~ti~ rate ~ns~t on H202 concentrat~ It was

thought ~at kinetic da~ ~asur~ ~n H202 solutions

s~uld ~ meas~ed ~der similar ~ndi~ons of H202

s~face concentration to ~se w~ch were present In

~e O2 solutions. ~ery ~le of O2 reaching the ~E

in ~ O2 solution gives one ~e of R202~ If 4-el~t~n

reduction Is neglected. In the H202/3.St NaCI solutions

us~, therefor, O2 ~as replaced ~ H202 on a o~e-to~ne

~lar ~s~s. ~la tec~l~e was only a~rox~te.

~e er~r, caused ~ neglecting the fact t~t ~-electron

reduct~n ~uld reduce the -~ of H202 ~Inq pro-

duc~ at the ~E surface in O2 solut~on, Is ~ncell~

~ ~ lr~ete~ate ext~nt by the fact that DH202 ~

Vo "
It may be of interest to point out that in

Run 83, the surface H202 concentration, ca~uleted by

su~st~uting the tabulated k) value of 0.11 in

eqn. 1.35.(f-1, k4-O) wee 1.6 x IO’?M. By contrast,

75



the 02 concentration in Rim 83 was 2.2 x 10-4M, three

orders of magnitude larger.

3.5.2. Polarization Data end Rate Constants for H2~
~uction in H~2 Solutions

The polarization curves measured at two H202

concentrations are shown in Fig. 3.13. The H202 con-

centra~ion of Run 80 ~as 1.89 x 10-4M, corresponding

on a ~molar basis to an O2 concentration of 5.1 ppm,

about 75~ of air-saturation. That of Run 81 cortes-

dad to an 02 concentration of 1 ppm.

No plateaux were observed in these curves, but

points of inflection did occur. The currents at

these points were assumed to be limiting currents,

analogous to the situation in 02 solutions, and were

so recorded.

It was difficult to check the experimental

results ~£th the theory because the diffuslvlt¥ of

H202 in saline media is not well-known. Sch ,m~ (1955)

quotes a range of values between 0.9 and 1.59 x 10.5

cm.2/sec, in H20. Hyuller and Nekrasov (1964) found

1.6 x 10 -5 um~/eec. The

li~tinq currents recorded in Runs 80 and 81 were

used to est4~*te the diffusivit¥ of H202 in 3.5t gacl

at 20 C. The polarization curves were corrected for

trace 02 before DH~02 was calculated, and it was

assmsed that the cur~ant for,X202 reduction vas



Run 80

1.89x 10-4M H202

0

¯ 5% NoCI

Run 81

0 0
-~2I -0.4I -~6I -De 0

Potentiol vs SCE (volts)



equal ~o ~ha~ predlcted by the Levich equation. The

values obtained were 1.65 x 10 -5 and 1.68 x 10-5cm~/sec.,

respectively. The~ values are higher than those quoted

by $ch-~, and the value of 1.3 x i0 -5 used by Peters

(1970), but agree well with. those of Nyuller and

Nekrasov (1964)# in IN H2SO4.

It is possible that the currents measured in

Ru~s 80 and 81 were somewhat below those corresponding

to pure diffusion limitation, because of slow H202

reduction. The calculated values of DH202 m-y there-

fore be a llttle low, but are probably not high. Since

the 3.5t NaCI ~edium (0.61N in NaCI) was mere similar

in ionic content to iN H2SO4 than the H20, av~ the

temperatures were also similar, the agreement between

the DH20,__ values found in this study, and the value

found by Myuller and Nekrasov, is reasonable to expect.

Acco aingly, the value - 1.6 x 10-5 c=./sec.

was used when calculating k3 from experlmental data.

Curves of 11£ m vs. ~I/2 for Runs 80 and 81

are shown ~n F£g. 3o14. They are slm~l~r in shape

to those obtained in 02 solutions. The H202 reduction

rate constant was calculated from these data uslnq

Table 3.4.,and in Table 3.3 , are listed with tho~e

obtalne~ in 02 so~on~.
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Run 80
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T= 20~
E=-~65V

, Run el

3.5% NoCI
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TABLE 3.4.

Rate Constants for H,O.~__~ Reduction in H20~_~ Solution

H202 CO~&bTTRATION 02 EOUIVAS~WT k3 (c:~/~c~ SOURCE

1.59 x 10-4M 5.1 ppm 0.118+0.006 Run 80

3.08 x I0-5M 1.0 ppm 0.034+0.001 Run 81

The result obtained at the higher H202 concen-

tration is very close to those obtained in air-

saturated solution. This lends some support to the

reaction model used in the latter case. The value

obtained at the lower H202 concentration is lower than

might be expected on the basis of the concentration

dependence observed in 02 solutions. This may be a

consequence of neglecting 4-electron 02 reduction and

catalytic H202 decomposition, and is discussed in the

next section.

In this sectio~ expressions are derived for

comparing the value of k3 calculated using the simpli-

fied reaction model with the value of k3 from the ex-

panded reaction model, eqn. (1.22). Details of the

Intormedlate steps in the derivations which follow

are ehown in App~nd£x B.



(].|)



so~::,es. 1.;2. or 1.22.A, best de~2~:::~$ t~ O] reduc-

tion a~c~s= a~l~cable urger t~e ccr~t~o~ o~

(3.4)

~’~u.atzo~ f].4|predzcts t~to for a q~ven value of k40

t~ value of R Is Ir~de~ndent of ... ~peri~ntal

I/2 data t~refore can.t enable o~ to dzmtznguzmh

vhere A and | ere at defined in Appendix B. Valtm~ of

of f a~





~un 51

Re|ulna s~r~ abou~ a ~an

thie Increase vii eo great that no ~an val~e of k}

~Id ~ calculalN for ~ncluslon In t~ llmt of



ca%aiytlc H202 ~ceF~s!tlon occurred cculd not be

(b} ~2 Concen~ra~:on Segl~ble Cc,=pa~ed to

~2~2 Concentrat :on

1/2

g~2o2~

kl,ex p "
,.

~hen f-I aM k4-O.

- I

r~t|on O.t} IndlCate~ that ! |hou|d t)~

(3.~.|

lJ.l.)
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3,actual

and 4oelectrcn reductlon b~co-’~,s un~np~rtant. ~ni$

result Is to be expected slnce, when kam0, no 02 IS

produced by catalytic I1202 decc~9os*t*on.

Frc~ eqn. {].~ ~t can ~ s~n ~.~t, in ~h~

came O~ k] values ~asured ~n H20~ solution, t~

ex~r1~ntal resultm cannot ~ used to dls~Ingu~sh

~t~en reaction ~ols.

3.6. Correl~t:on o~ k] Val~s W~th Electr~e ~tsntlal

~ause H202 red~t~on :s an electr~hesIcal

re~ctlon the ~mslb*llty exists t~t the rate-dete~ining

=d=orptton or de~orpt~on at ~ FDE eurface, In s~h a

case the reaction rate ~nstant ~uld ~ ~tentlal-

de~ent. D~anov~c, *t al.(ig$~bl and Muller a~

there wsJ uone~dorabl~ eca~tor ~n th~ roe~Ito of t~

fo~r.

S~ of t~ raluLtJ obtained ~ each of t~

s~ve ap~r ~n Tsble l.l. It ~y ~t ~ ~rtste



listed ~n Table 3.3 va:3" o~Tr no ~ore than a ~hreefold

range.

Lo~ar~th~ of k value~ obtaine~ ~n t~s stay

~re plotted against electric ~tenttal (Fig. }.15 ).

T~ results o~ D~]a~v~c et al. and ~uller and

Nekrasov are also plott~, ~v~n9 ~en correct~

¯ pproxt~tely for the dtfferen~ pH at which they ~re

eval~t~, by a factor of 6~V/pH unit. Although

~st of ~he results of th~s study are htgne~ t~n

those o{ the other retesrcbe~ t~ sl~ o~ a It~

Of ~lt fit ~duld ~ ~ual to t~t of D~]anovtc, et

al.~ ~ hlgh val~$ obta~r~ In thia atudy can ~

expiaz~ ~ t~ e~pa~-reactlon-~el analy~t~

o~ Section ].5.].

It ts ~ clear t~t t~ a~arent de~ence

o~ k] on O2 or H202 co~entratlon ~s ~rely a

re~lectt~ o~ the ~act that, as the O2 or H202 ~Ik

concentration dec~e~s~ t~ ~tent.tal correlating

to t~ ~tnt of inflection ~ t~ ~lartlatlon c~rve

~ ~re ~1c. ~ reason for thtl shift in

~tenttal will ~ e~pl/t~d In Section }.7.

~ ~tenttal-de~en~ of k} cin ~ tufter

illustrated ~ calculating k] val~ a~ ~n arbitrary

~tenttal of -0.]~ using ~lar;~atton data fr~



I I I

Domjanovic e~al. (lS~7-b)

(i965)

~02 I I I
- ~4 -~5 -~6 -~7 -~8

Potenfiol vs SCE (vol~)



were made ~sing 3.5% NaCl soluticn. The results of

this calculation are liste4 in Table 3.6.

TAB’_~ 3.6.

Rate Constants Calculate_ d. at an Electrode

Potential of -0.30v

~6 7.18 0

54 0.77 0

58 0.12 0

.0.03 1.8 xlo’ .
81 "0.03 3.4 xlO’SM

k3
(,’,,,./~ec.)

0.079

0.037

0.045

0.038

0.043

These results are very susceptible tO expcrime~al

error ~u~ each value was calculated using only one

point on a po~t~n curve, rather than fro= five

¢r six i-~ 1/2 pairs, ~s was the case for the val~es

listed in Table 3.3. In view of this liBitation the

a~ee~ent between the five calculated valuel 18 quite

good.

The po~ntial at vhlch hydrogen evoluzlon

{redu~tlon o~ H~ ion~} co~sences is depe~ent on the

pH it the electrode surface. This pote~ial Is qlven

b~ t~ Sern~t eq~atlon, ~hlch can b~ written as



follows:

~2.aH+~l = 0 + ~FT In aH+

(3.11.)

Now, when 02 is reduced at the electrode OH- ions

are produced or H+ ions are consulted. This result~

in an increase in pH at ~e electrode surface, with

respect to the pH in the ~uik of the solution. At

higher 02 levels (e.g., air-saturation) hydrogen

evolution o=curs at a sufficiently cathodic potential

so as not to obscure the limiting-current plateau for

02 :eduction. At lower OR concentrations less OH-

is produced at the electrode by 02 reduction and the

pH at "~e surface is therefore lower than in the

case of, say, 02 reduction in alr-saturated solution.

As eqn. (3.11.) shows, this shifts--the value of EH2

to more anodlc values. Eventually EH2 becomes so

anodlc that the llmltlng-current plateau is obscured.

The net effect, as the H+-reductlon curve moves

closer to the ascending portion of the O2-reductlon

curvs, is to make t~m measured polarization curve

steeper wlth decruaslng 02 concentration. This

explains t.he trend observed as one looks successively

&t Figs. 3.2., 3.5., 3.6., and 3.?.

It Is perhaps a fortunate conincidence that

the currents at the lnfl~ction po|nts of those



polarization curves c~r~espond to those predicted

hy the Lcvich equation. At a concentration of, say,

0.02 p.mm 02 one might find that the H~-reduction

curve overshadowed the O2-reduction curve, leaving

either no inflection point or one corresponding to a

current far from the the~retical value. Moreover~

had the NaC1 solutions been of lower pH the shift in

the H+-reduction potential might have raised the

lower limit at which the 02 concentration was measur-

able using the inflection point, to a value considerably

greater than the observed limit of about 0.05 ppm.

This argument suggests an explanation for the

20~ error incurred when measuring 02 c~entrations

in s~awat~r using the points of inflection of polari-

zation curves. The bicarbonate present in seawater is

capable of acting as a buffer. This shouId result in

a lower surface pH ~n seawater than in an NaCl solution

of the same 02 content. This difference in pH might

shift the H+-reduction curve to such an extent that

the current at the inflection point inc:udes an H+-

reduction current.

3,8~. Long-term Use of a P~atinum F~E as a Prlmar~

S~.~ndard fcr 02 Measurement

As was mentioned earlier in this chapter a plati-

num RDE has the potential for use as a primary standard

in masurlng O2 concentrations at the 0.1 ppm 02 level

~n seawater. Rather than measuring an entire polarlza-



tic~ cu~’e for exT.-on reduction, as was done in th~s

~tudy, it would be sufficien= to ~easure ~he current

",-sing ~ activated electrode at a potential ~i=hin

+50 mV of the inflection point potential, ~nd then use

eqn. (1.20) to calculate the approximate 02 concentr=tion.

Continuous measurement of 02 concentration would not be

possible, because of the necessity for frequent reacti-

vation of the electrode surface. However, it would be

possible to m~ke semi-continuous 02 measurements at

intervals of, say, i minute, using a.n automatic switch-

ing circuit to alternate the RDE potenni~l to effect

the activating and current-measuring processe~ described

in Section 3.2.

Because of the l~w temperature sensitivity of the

RDE in salioe media (see Section 2.1~ no correction

would need to be made for temperature fluctuations over

a range of about ~5"C.

The following additional work ~ust be carried out

to assess whether s platinum P~E can be used for long-

term 02 measurement in a particular location:

(i) In Section 3.3.1 of this ~apter it was reported

that a platinum RDE consistently gave readings which

were about 2Q% high. It should be determined whether

a similar error would occur in seawater of a different

pH and composition. In addition, it is necessary to

assess whether the relative error is dependent ~ 02

concentration in the concentration range of Interest.
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electrode potentials. Other reasons for d~sslmilar

~v~or ~n ~ese t~ ~ia v~ll ~ d~s~ss~ later

in ~s ~ap~er.

In o~gen-fr~ H202 solution (~n 80) ~e cu~e

f&r a deac~tvat~ electric fell far ~low t~t of ~

activ at~ el~t~. ~i~ i~ic~tes the exist to

~ich H202 r~uction is retard~ at a deactivat~

e1~tr~e,

~aly~i~ o~ t~ data obtai~ at activat~ a~

deactivated electr~$ using ~tion (1.2]) gives 

q~ntitative ~a~re of h~ ~(h H~02 z~uc~ion i~

inhlbit~ at a deactivat~ el~tr~e. In Table 4.1

~20~ r~tion rate ~nstants are list~ ~ich ~re

obtaln~ under a variety of ex~rl~ntal ~ndition~.

~cr~ase~ in the rate constant va~’ fr~ t~-

fold in ~e ca~e of air-~aturat~ {7.18 p~ 02) NaCl

¯ olutlon to over t~nty~old in the ca~e of ~202 ~olu-

tlon. ~g the factor~ which might have cau~ ~hese

dlf~er~nces in the e*t~nt of the fall in k] are dlf-

~eren~$ In el~tr~e ~tentlal a~ d,fects In the

reaction ~el ~ in the calculati~. ~ese, as

~II as the a~rent de~ence of k) on oxygen

~tratlon, are diseased in C~pter ~. Other

~actors of i~rt~ce are dls~ss~ later In this

c~pter.



Run l] NaCI soln. ?.10 -0 0.110 0.045 -0.7

Run $6 7.10 -0 0.109 0.049 -0.?

~a~e~m (t970! 6.$5 -0 0.118 0.024 -o.fl

Ru~ 75 Som~a~r 7.15 -0 0.073 0.006 -0.~

R~ 63 N~Cl 8oln. 0.09 -0 0.043 0.0014 -0.5

Run |0 -0 I. 6x10"4H 0.118 0.0045 -0.65

Run 01 -0 3.1xI0"SH 0.034 0.0023 -0.6





TABLE 4. ~

B~ton ~d ~u~In (~969

~vic0~) e~. (1967)

p i~" RF~THE~r~ POTE~T ZAL

+!.4
th~n 0o0

DURATION OF

1.0
1.0

H611er and .’~krssso~ (I)64) +1.0
than -0.2
then +1.3 1.0

Oehe,et a~. (1965 Alternate puleoa0 rop~atad
+1.2

than -0.1
0.5
0.5

Y~zh~nJ~a. at 81. (1970)

I0 cyclam

+I.I
then 0.0

1.0

0.3
0.3

~le It~y .0.75 - -1.25 0.I - 1.0





example, Ta~le 4.1).

4.4.2. Deactiwation

In the p¯pers quoted in Lhe preceding section

no ~entlon w¯s made of the possibility of poisoning

of the surface of the electrode, in ¯ddition to de-

scrpt:on or reduction of adsorbed oxygen, when the

electrode is ~ade cathodic. This ~ay have been so be-

cause the high pu:ity of the solutions used in these

studies nade ~oisoning by trace org¯nics, for exa=p1e0

highly unlikely.

Danjanovlco et el. (1967a] found that in i~pure

solution the ,.-urrent due to oxygen reduction at a

platln~ RE decrealed with ti~e at a rate one to t~

orders of ~agnltude greater th¯n the correspondlnq

decre¯se in pure solution. In x~rpurc solution 2-

@lectron reduction of o~ygen predominated over 4-

electron reduction, and the r¯te of H202 reduction

was low co~pared to its r¯te el [or=atlon. Yuzhanlna,

et el. {1970} also found that the proportion of 4-

electron reduction decreased with decree¯inS ~urlty

of solution, fro~ 90t in pure solution to ?0~ in Im-

pure #o~utlon, Of C~ur|e these results can only be

u~d q~litatively ~lnce, in the p¯pers quoted, the

~oare (196|) questioned the existence o~ ¯ 

electron reduction path. le suqqested that lJ~.rltles



ad~=~---d a¢ he ~l~ctrode ~hibited catalytic dec~si-

tlon o~ H2O2 fo~ by 2-electron o~gen r~uctio~.

~is H202 ~uld ~erefore ~ detect~ at ~e ring of

~ ~E. In p~e solutions, on ~e o~er h~d, ~y

H202 fo~ at ~e disk ~uld ~iately de~se

ca~lytically if it were ~ot r~uc~ el~h~icalIy,

and ~e resulting o~ge~ ~id ~en be r~uc~ quickly

to H202. ~e ap~rent result ~uld ~ ~at 4-electron

r~uct~n was oc~rring. This result is sh~ alge-

braically in Section 1.8. Hoare d~s raise a valid

~int, i.e., ~at ~janovic, et ai., erred in neglect-

ing ~s~Ible catalytic H202 dec~sition at ~e disk

~en fo~u~atlng ~eir reaction ~el. H~er, the

existence of a 4-electron r~uction ~ has since

~en verified re~at~ly by ~rkers using ~e diagnos-

tic ~tlons which Tarasevich (~968) develo~ for

~e R~E, and ~Ich take ca~lytic H202 dec~sitlon

into ac~unt.

~sJ~ovic, et a~. [~96~a} found ~at the rate

of d~cay of ~e ~rrent for o~gen reduction In an

~e solution was stromg]y de~ent on ~e rat~

~i~n~ng of ~e elec~e va~ cau~ by diff~on of

s~cles ~ ~e bulk o~ ~e ~lu~, ~o ~n~on

o~ a layer o~ ad~or~ o~gen fr~ ~e elec~r~e

l~ace.



~ results ~ed ~ ~is study ~re repre-

~n~ of ~e ~st~s ~d ~ an ~i~

to test s~e h~ ~r~g to activation ~d

deactivation of ~a~n~ electrodes in ~p~if~d

solutions. The alternative h~ tested ~re as

f¢ 1 io ~s :

(i) The layer of ~ o~gen fo~d during antic

~e~t catalyzes one or ~re stages in ~he r~uc-

tion of o~n. ~is layer is sl~ly ~d ~en

~e e~c~e is ~ ~.

(ii) D~Ing antic ~a~ a s~s~e is foxed

~ich is later r~uc~ ~ ~e e!~e is ~de

~Ic, ~y resulting ~n a higher current density.

(iii) During ~a~ i~s adsorbed at 

p~n~ surface are either oxidized or desorbed.

The reverse occurs 4uring ~ ~~.

Ewldence in ~p~rt of (i} able is given in

T~ble 4.3 and ~t~ graph~cally in Fig. 4.2.

Increasing the anodlzation time by a factor of a~ut

~ ~lt~ in current increases of up to 3.5%.

~y, as Table 4.4 shows, increasing the ~i~-

tlon ~l ~ appreciable increases in ~e

l~Iti~ current. In each case the relative increase

in current pr ~uced by a given increase in ~lal

or duration of ~a~t was higher at l~ o~gen

~a~s ~an at higher concentrations. Such

an ~~n might be taken as s~ for h~sls

]05



Run 93
3.5% NeCl
7.18 ppm 02
20oc
786 rpm

o + I .OV, 60 sec
o+I.OV, 15sec

~ +O.SV, 60sec

0 -E2 -~4 -E6
Potential vs SCE (volts)

Figure 4.2. Effect of Potential and Duration of
Anodizatlon on Shape o£ Polarization
Curve for Oxygen Reduction a~ an Ac-
tivated Platinum RDE.



TABLE 4.3

~3 3. St NaCI
to 60 ~ec.

0.5 *0.5

?.15 *0.S r~ 10 nec.
to ~0 ~gc.

LIMITING



7.18 %~ Fro= *0.5 to 0.6t Incronme
*l.OV

0.5 15 From *0.5 to 3.51 lncreaae
*l. OV

60 1.8t increase

?.15 IS From *O.S to 0.6| Lncroane
+1.Or

0.09 10 Fro~ *0.5 to 3.St increase
÷0. ?V





~ between activation and catho~ic polarization.

FOE convenience this interrupted state is hereafter

referred to as "standby." If a reducible0 non-adsorb~

suba~ance w~re formed at the electrode during activation,

o~a ~ight expect it to diffuse away fr~ the surface

during the a~,dby l~rlod. This ~uld have the result

that anodizatio~ w~uld produce little or no increase

in the current flowing during cathodic polarixatiOno

So~e results obtained using standby are listed in

Table 4.5.

In air-saturace~ NaCI ~olutlon and seawater

containing 0.1 ~ oxygen an increase in current with

increasing duration of standby mode, wa~ observe~,

rather th~n a d~reale. This rules OUt hypothes~s ([i}

as an explanation of the effects of ano~izatlon nn the

current.

Before reasons for the effects of standby are

discussed, it is appropriate to assess the importance

of polsonln9 of the electrode surface, as sugqested in

hypothesis till}. Fiqure 4.3 shows ,o~e results ob-

tained in ".his study on the effect of rotational

apeed on the rate of decay of the l~siting current

for oxygen redaction ~t s p~atin~ P~E. It ~s c~esr

that both the rate and exten~ of decay ~re proportion°

al t~ the rotational apeed, as Da~Janovic, et al.

(1967a) found. At a x~tatlonal speed of 120~ sac-1

th~ ob|erve~ a 30t drop ~n current in the first five

II0



TABLE 4.5

Effect of Standby Mode on the Limitin~ Current

74

02 CONC.

7.1B

7.15

0.09

TEST

Anodize: +0.SV, 30 sec., ~hen
30 sac. standby.
Same pretroatment0 then 5 mln.
standby

Anodize: +0.SV, 10 leC., then
60 sac. standby

~odlze: ÷O.5V, 10 aec., then
30 sac. etandby.
~a~ne pretreat~ent, then 2 ~tn.
standby

EFFECT ON
LIMITING

No appreciable
e~f~ct

O.Bt increase

No appreciable
effect

Seawater 0.10 Anodize +O.5V, 30 sac., then St lncreaee
60 aec. atandby
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Run 69

T = 20°C --~- 1205 rpm

0
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5 I0 15 20 25 30 35

Time Elopsed Since Activotion (min)
Figure 4.3. Effect of ~tet~nel Speed on ~te of

Currant ~cey for O~qen ~duction et
¯ Platinum ~E.
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obset-~ed i~ ~e s~ ~t~al. ~is is ~t s~rising

s~e s~ter ~ u~ In ~e latter e~r~nt, ~

it p~bly ~n~ ~re ~i~ies ~an ~e O.1 N

H2SO4 us~ by ~ovi~ et al.

~ ~ s~ e~ller in ~is c~pter ~e extent

of ~ctivati~ of a platln~ el~q was 9reate~

in seawater ~n In N~I solution. It ap~ars, there-

fore, ~at ~i~n~g of ~e elect~e ~y i~uri~ies in

solution ~a~ of ~nsi~r~le ~rtanc~ under ~

e~r~ntal conditions prevailing in th~s study. ~is

~i~ning is p~ly regersible; deso~on of ~ison-

ing ~s ~es place durinq antic pretrea~nt.

In vi~ of ~ fact t~t investigators ~rkin9 wi~

highly p~ifi~ solutions have est~lish~ that o~gen

r~uction is catalys~ by ~e la~er of adsor~ o~gen

which fo~$ at a platin~ surfac~ during antic p~-

trea~nt, i~ se~ likely ~at activation a~ d~-

activation are mix~ pr~e~se~ involvin~ a ~ination

of ~e eff~ of ~is~in9 a~ o~qen adso~tion.

~e relative effete of standby at high and 1~

o~qen concen~atio~ can n~ ~ e~lain~ as ~oll~s:

After an~l:atlon s~ ~isoning s~ctes ~y etlll ~

~akly ~sor~ at ~ electro. It h~e ~on pro-

~s~ (~a~u~u a~ Petr~lll. 1967} ~at an

eI~n~ r~ctl~ step In o~qen r~uc~lon Is



rate of ~Is a~o~tion s~p ~ pro~ly de~t

~e c!~e s~face ~y ~c~y sites ~ich ~re

ac~ ~or o~en a~o~Aon. ~ ~e resi~1

~itiem might i~it o~gen adso~tion less at a

high o~gen cOnc~tration ~ at, say, 0.I pp=.

~in9 s~by, ~en ~e elec~e is at ~

rest ~tentlal, ~e resld~X ~Isonln9 iwuri~ies

~ slyly desorb. Yhe extent of desertion will ~

de~ndent on ~e d~ation o~ s~n~y. ~is will

have a 9rearer reXatlve eff~t on ~e current d~ing

s~s~uent :a~Ic ~larlzation at l~er o~en ~n-

centrations. ~e s~ rea~nxnq also e~lains th~

qrea~er relative effects o~ duration and ~tential of

an~iza~ion at I~ o~gen ~ncentratlons.

4.5. H~steresls

Polarlz~tlon ~es ~as~ In ~¢C1 ;olution

~d seawater e~iblt~ hysteresis at all o~gen

lovels. ~e ~larlza~ion cu~e ~asur~ in ~e direc-

tion o~ Increasing ca~ic ~tential (ca~Ic branch)

Isy ~v~ ~mt ~u~red In t~ ~slte direction

(a~Ic branch). ~Is was also obso~ by Blurton

and ~ullln (1~9} a~ ~Ja~ic, et al. (19~a)

~ ~am ~nti~ by Sh~ilova and Baqotxky (196S}.

~ exile o~ the hysteresis observ~ in this

mt~y iI Ih~ in Pig. 4.4 (3.5t NaCl ~olutlon) 
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polarization curve were ~uured. At this p~int it

discuss~ earlier in this r~port w~re cathodic branch~s.

Hysteresis ca~ be e~pla~ne~ by similar rea~onlng

to that made in Section 4.4.~, when the effects of

standby w~re eEplalne<1. First, let us assume that the

rate of adsorption of i~urities at the electrode in-

creases as the p~te~ti~l bec~e more cathodic. Let

u~ a~o a|s~e that after a~izatlon ao~e residual

i~rltles are left at the electrode surfs:e, as sug-

In the c~ur~ o of measuring a polari~atlon curve

a nu~r of events ~ccur. Durln~ cathodic polarization

the electrode is b~Ing poisoned, at a rate ~hich in-

creases as po~arlzatlon proceeds towards more cathodic

potential~o ~irlng anodlc Eeact~vatlon betwe.n points

on the polari~atlon curwe the adsorbed iRpurities a~e

b~Ing stripp~ fr~ the e~ectrode surface, but there

By the time the anodlc br~nch of the polari:ation

curve is me~ured th~ concentratio~ o! i~urltles at

the $u~[ace ~111 be sufficient to inhibit oxygen

reduction i~rceptibly.

A~ measurement of the an~dlc branch proceeds,

leee poisoning will occur during each ~eriod of
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~e r~st ~tential has ~n attain~ ~e conc~tratlon

Of a~ ~i~es will ~ rea~ a ~n~.

~i~ e~l~ti~ also a~ for ~e fact ~at

~e d~r~ of hyateresi~ Increas~ wi~ d~re~ing

o~gen ~ncentratlon, as sh~ in Figs. 4.5. ~d 4.6.

~at ~Isonlhg ~s a st~ng effect on H202

r~tion is i11ustrat~ in Fig. 4.~, ~ich sho~

~e greater extent of hysteresis in an o~gen-free

~lutlon ~n~Islng H202.
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The first section contains a discussion of the

transient behavior of the current for 02 reduction at

a g~Id electrode in air-saturated 3.5~ NaCl solution.

The effects of various activation techniques are c~-

Fared. Polarization curves are described and conclu-

alerts are drawn usln~ the~e curves, a~ well as I-~I/2

cur~es0 as to the probable ~echanism of 02 reduction

at gold in the mediu~ used.

Pclarization data for 02 reduction ~n seawater

are described and co~pared w~th data obtained ~n ~aCl

sOlution. The lo~er l~mit o{ sppl~cab~l~ty o~ a qold

RDE to the ~eas~re~ent of dissolved o~ ~n seavater ~s

~ound to be about I pp~.

The remainder o~ this chapter ~s devcted to

brief d~scuss~ons o~ polarization data ob~asnod at

ccpper and silver electrodes, both ~ ~h;ch ~ere found

tO have poo~ corrosion resistance co~par~ ~o gold and

platlnu~ nnd ~o give polarization data o~ poor

rap~oduclbillty.

5.2. Polarization Data Obtained with a ¢~Id Elec~rode

S:2.1. 3.51 ;/~Cl Sol~tion

t~nen a gold ~I)R in an air-saturated HaCl solu-

tion wa| h~Id at a cathodic potantlal the tl~-

IZl



~noe was sir/far ~o ~ of a pla~inu~ electro~.

¯ ~n~’ duration. T~e ~nt ~en ~c~ased at a

so~wh~t l~r, ~ut ~re ~ifo~, rate th~ that ~i~

w~ ~d wi~ a p~atin~ ~E. A decay i~ ~he

ca~c c~nt ~ gold w~ also ~se~ by

~w , et al. (19&7). They re~rted that the

current r~a~ stea~y-stat6 after ~ut I ~nute,

but it is ~re likely ~o have b~n at a quasi-steady-

¯ tate.

Figure 5.1. sh~s the effects of various ty~s

of electric pretreat~nt ~ the sha~ of the ~ar~-

za~i~ ~. ~e te~iq~ ~ed ~o ~asure ~lariza-

tion cu~$ was as Eol1~s: ~e electric was held

at ~ pretrea~nt ~tential for se~ral minutes.

~o potential va~ ~n ~arled ste~ise, from a val~

C~OSe tO ~he rest ~tent~a~, to the hydr~en evolution

potential, ~t~en ~t~ntia~ ~teps the electric was,

ex~pt where ~ntloned, h~Id naar the rest potential

for a [~ ~c~. A~ter the ~lectr~e ~tential was

against t~ ~ntial.

trea~nt w~ ~t et~e~l~ In activating ~e ~

resulted, t~ ~r~nt at ~e plateau ~In9 within ~ut



(~8[ The°refic°lI
I Limitinll I I

0.7~-~ Curre~ (E~ 1.20)

Run 88

~.5% NoCI
T 18 ppm 02

T =20"C
636 rpm

.Pretre~menf
o -I.3V, lOmin
0 ÷~5V, 5rain
& At Rest, IOmin

0 I I I I I
-~2 -~4 -~6 -~8 -I.0 -I.2

Pme~l ~ SCE (volts)



2~ of that predicted by the Le~ich equation.

Anodization of the electrode seemed to inhibit

02 reduction at potentials more ~nodic than about

-0.SV. This implies that the reduction is catalyzed

by an oxide-free, reduced gold surface.

~n the electrode was left at the rest poten-

tial, wi~h the ~otentiostat turned off, for i0 minutes,

the result was the s-~ as for an anodized electrode.

It is possible that the small amount of oxidation

which occurred during this period at rest was sufficient

to inhibit 02 reduction.

Tarasevich, e~ a~. (1970) measured polarizatlon

curves for 02 reduction at a gold electrode in o~ygen-

saturated alkaline solution. Their electrode was

held at the r~st potential for ten minutes prior to

the measurement of each point on the polarization

curves. No li=iting-current plateaux were observed;

their results thu~ agreed with those found in this

study.

They obtained an intermediate wave, or pru-

wave, WhOSe helght was equIval@nt to about two-thirds

In this study a small maximum occurred in the polari-

zation curve for the anodized electrode at an equiva-

lent potential. There were insufficient det~ obtained

fo: the electrod~ loft at the rest potentlsl for ten



~inu~s in this stu-~]-, .~o ex~-nd i~ polari=n~ion

cu~e ~o ~an~zal~ ~o~c to -0.~V. H~r, in

~ of the fact ~at ~ c~e coincided closely

wi~ ~%at of ~e ~zed ele~r~e at ~tentials

cath~ic to -0.6V, ~e ~ght e~ct the four to

e~ibit at le~t a p~wave at ~ut -0.3V.

Using ~ ~E, Tar~evi~,et al. fo~d that

~e ~t of H202 esc~ing fr~ the disk rea~ed a

~xi~ at ~e ~t~tiai ~re ~e first wa~

occurred. Hen~, at ~is ~tential the H202 fo~d

~ a r~sult of 2-~loct~n 02 reduction was not

elect~e~cally redu~d to OH- at a rat~ sufficient

to pre~nt appr~ci~l~ cliff,ion into th~ bulk of

~e solution. At ~r~ cath~ic ~t~ntials th~ rate

of H202 ~du~ion increased rapidly.

Tar~evi~,et al. ~clud~d, as ~I~, that

4-electr~ reduction t~k pla~ at a n~gligibl~ rat~

~ar~d to 2-electron r~ductlon. Th~ fact that ~u

cur~nt at the pr~wa~ w~ gE~ator th~ ~hat corr~s-

~ndlng to 2-electron O2 r~ductlon was thought by

~em to ~ d~ to reduction of 02 for~d by catalytic

~o~Iti~ of H202 at ~e dilk. The ~xi~

~le~d In ~is stay ~ght ~ e~lained by si~lar

~Ing, co.led wi~ ~e suggestion that so~ of

~ 0 2 ~y ~r~ 4-elec¢r~ reducti~ at a rate



which a~ishes as the potential hec~s m~e

ca~odic.

The observations --~de wi~ a ~reredu~d gold

e~ctr~e in ~is study indicate ~at, at ~u~ a

s~, eider 4-eleVen O2 ~ducti~ p~d~nates

or 2-electr~ redu~i~ ~c~s ad~~ or exclu-

si~, foi~ed by rapid H202 reduction. This is

s~rted hy ~e plot of i ~ ~I/2 sho~ in Fig. 5.2.

~e e~e~ntal data for ~ activated (prereduced)

e~r~ lie ~ a straight line ~ugh the origin,

~d slightly ~o~ ~e line predicted by the ~vich

~. ~is s~ll dlscrep~ ~y have ~en caused

by a slight ec~nt~clty of the e~ctI~e.

By way of ~ntrast the plot of i v~ ~i/~ for

~ e~ctr~e left at the rest ~ial for ten

~n~es sh~s ~ inching ~ation from the theore-

tical line with increasing ~. ~is is ~od cviden~

of retardation of H202 ~duction ~d agrees w~ the

results of Tara~vi~, et al.. The currents used to

dr~ this plot were ~asured at -0.6V, a ~tontial at

~hlch ~e polar~atlon cu~e for this electrode lay

c~sld~r~ ~1~ ~at of a cath~Ic~ pretrvatcd

e~ctro~.

A plot of i ~. ~I/2 [Fig. 5.2.) for an

~lect~de whos~ activity h~ ~a~d steady-state

sh~ed no ~n~ of i~It~n of HIO 2 ~du~i~.
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Th~ ~ata w~re acattered slightly about a straight

was about 75~ of that of the line for the activated

electrode. This in~ticates that 02 :eduction, rather

than S202 :eduction, is the step which is inhibited

at steady state. One can conclude from these rcsults

that the reaction m~chanism at a gold electrode at

steady-state is diffe:ent from that at both an anodized

electrode and one which is held at the rest potential

for som~ ti~e prior to polarization.

The validity of comparison with the results of

Tarasevich, et al. (obtained in pure, alkaline solu-

tion} is supported by the following: The main reaction

path for 02 reduction in 0.1N H2SO4 [C~nshaw, et al.,

1967) was found to be the sam~ as that in 0.01-1N KOH

(Dam~anovlc, et al., 1967c}. lle~uction in the

limiting-current region proceeded via an H202 inter-

~dlate. The only si~niflcant difference in electrode

behavior at these extremes of pH was that in the

limitlng-current region the H202 reduction rate

const~:t was much higher at low pH than at high pH.

In addition, Oensh~w, et al. found that the m~chanism

of O2 reduotlon in purified acid solution was ~entica|

to that in unpuzifled acid solutlon. This is not at

a|| llke the behavior of a p|atlnum electrode, which



The polarizati~m cu/ve ~btained at ~n 02 concen-

tration of ~ ppm is ~o~ in Fig. 5.3. The electrode

w~ activated by ca~c pretrea~nt, as in ~e

c~e of ai~sat~a~d solu~i~. ~e effect of ~-

c~ 0 2 ~n~ntrati~ w~ to ~e ~e li~tin~

~nt plateau fell ~stln~, ~ in ~e c~e of a

platin~ ~E. T~ ~nt at ~e ~int of inflection

of ~e ~izati~ ~ w~ wi~in 2~ of ~e ~eore-

tical value.

5.2.2. Seawater

Polarization ~s for 02 reduction in atr-

saturated se~ater are sh~, in Fig. 5.4. Activation

of ~ electric in se~ater was by cath~tc pretreat-

~nt, ~ ~scri~d in 5e~ion 5.1.2. No limiting-

~r~nt plateau ~rred, but ~e current at the

inflection ~int was wl~in ~out ~t c~ th~ theoretical

value. ~e electr~ had ~n preredu~d at -l.lV for

10 ~nutes prior ~ ~larization.

~e ~sen~ of a li~t£n~-current plateau was

possibly duo to ~he presence in aeawater of s~st~s

~ich l~bl~ ~e or ~re stages ~n the reduction of

o~n on gold, lr~s~ctl~ of ~e p~treat~nt

~c~lq~ ~ed.

~ Fig. 5.7. sh~s, hysteresis v~ ~ser~d v~th

a gold electS. In ~ntrast to ~e hyateresis

~se~d at plating, h~e~r, ~e ~ic br~ of
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~o~s ~icav~s "~Sm~ ~e lower limit of applicability

1 ppm 02.

5.3. Results Ob~i-ed wi~ a ~p~r ~E

The ~p~r ~E cor~ after ~rsion in

~lu~on, resulting in roughening of its surface. For

%his zeason t~ use of a ~p~r ~E wa~ not investigated

f~rt~r in this study.

5..4. Resul~s Obtain~..with a Silver ~E

T~ transient nature of the current due ~o 02

r~uct~on at a fresh~y-~li~d s~]ver ~E in a~r-

saturat~ NaCI solution, was similar to that observed

a~ a gold ~E (Section 5.2.}. Th~ t~chnique used to

~asuzo ~larization cu~es with the sliver RDE was

~dentlcal to ~at descri~ ~n S~tion 5.2. for the

~Id ~E.

A flat li=itinq-current p~ateau was not obtalned

w~th ~he s~Iv~r ~E, ~n in a~r-satura~e~ solution;

instead, th~ ~lar~atio~ cuE~ ~Io~ qently ~n t~

llmiEing-current ~tentlal region. T~ current in

~la region wa~ within a ~ew ~rcent of that pr~ict~

~ t~ ~vich ~tlon (1.20).

~e absence of a llml~Ing-~rrent pla~eau on

~llver wa~ al~ ~o~ ~ Tarasevlch, et al. (1966~ and

Zhutaev#, e~ __al. (196~). T~ to~r fou~, ~ver,

t~ In ~he liuitinq-curren~ reqlon the ~auured



e~--n ~1.20), o~ 3.~ instead of 4.

~ is ganerally considered {e.g., Sept, et al.,

1970, Y~asevich, ~e~ ~I., l~66)t~t ~duc~ion o~ 02

at sil~r is ca~lyx~ b~ a r~uc~, oxide-fr~ surface,

~ inhibite~ at ~ oxidiz~ s~fa~. In this ~t~y

oxidation of t~ silver s~face wae fou~ to ha~ a

deleterious effect on i~s O2-r~ucing ca~bility, but

got different reasons, as e~lained ~low.

T~ electric wa~ an~iz~ at *0.2v vs. SCE

for ~0 se~n~s. ~ ~larilation curve ~asurud a~ter

an~ization wa~ o~ similar s~ to one ~asured at a

prer~uc~ electr~. H~r, at any given ~tential

t~ ~rrent ~de~nt a nonrepr~uc~ble transient of

a~ut I0 se~nd~’ duration, and also fluctuated con-

siderably. In seawater these effects were more

e~gqerat~.

E~ination of an an~ized silver electric

s~ It to ~ cover~ with a dark gray de~slt. Even

after p~long~ cat~ic trea~nt the electric was a

qr~-br~ ~lor, and its surface could ~ seen by the

~k~ ~ ~ ~ plt~ and rough. In addition the

orlgl~l ~vlor of ~ ~l~¢tr~e ~uld not ~ restor~

¯ ~c*pt ~ ~llshlng. This ~vld*nc~ suqqests t~t silver

chlorl~ t~ily fo~s at t~ @l~ct~e surface during

brief a~l~atl~, ~n t~ elec~r~e le ~de cath~lc





6.I. N~d for an ~alytical Tec~i~

In o~er ~ det~e ~er ~e ~rren~ at ~e

~E agreed wi~ ~t pr~ict~ by ~e ~vich ~ation

(1.20}, it m ess~t~al ~t ~e ~gen concentration

in solution ~ ac~rately kn~. k~n ~aturating NaCI

solutions or sea water w~ air, ~e o~gen ~ncentra-

tion ~ solution could ~ est4~*t~ fr~ reli~le

~les (Green and Carritt, I~67} or correlations

(T~e~a~e, St al., i%55). ~er o~gen concentrations

were at~in~ by sat~atlng ~e test solution wi~

" o~gen-~Itr~en mlxEures of kn~ ~sition. ~

O2 concentration In solutlon ~uld ~ est~t~ by

applying He~’s law ~d ass~ing ~hat ~e solution

reached a steady value. H~ever, ~cause of ~e ~s-

slb~llty of leakage of 02 into ~e syst~, which ~y

have ~en of relatively high ~gn~tude at and ~low

~e 100 ppb level, an i~ent ~ans was sought for

a~urately measuri~ ~e 02 ~ncentratlon In solution.

~e a~lyt~1 ~1~e ~u~ht had to satisfy ~e

fol l~Eng crlter~l~

(a) Not ~ulre s~a~dizatlon vi~ solutlons of

kn~ o~9en ~ntent,

(b) Be ca~ble o~ ~asutl~ 02 concentrations ~I~

a~ut 50 ~b ~i~ St ac~rac~, and



techniques which do not satisfy these criteria are

briefly discussed. The Winkler analysis was found to

be the Only technique which does satisfy these criteria.

The chemistry of the Winkler titration, and the types

of interference to which it is prone, are discussed.

The way in which the Wi~kler analysis was

miniaturized for use in this study, and the degree of

accuracy attained, are described in detail. The last

section of this chapter concerns the modification of

the miniaturized Winkler analysis for H202 determlna-

tion.

6.2. Technlquea Which Were Considered Unsuitable for
Use in This Stud~

Two analytlc¯l techniques which were considered

and then rejected were gasometric a~d colorimetrlc

methods. The reasons for their rejection are dis-

cussed below.

A. Gasometrlc. It would be difficult to determine

the amount of dissolved oxygen present in a liquid

|aapla by boiling off all the dissolved qas and aea|ur-

lng it4 voluae, since ~ost of this q¯a vould be nitrogen.

The oxygen could be re~oved preferentially and the

vo|uae change ~easured, but the relative error would

be larqe. For example, ¯t ¯ dissolved 02 concentration

140



of 10a ppb, th~ gas in equilibritu~ with the solution

contains only about 0.3t 02, a quantity ~T~ich w~uld be

extremely d£f£icult to measure accurately. Removal

of the 02 f~ a sample by bubbling a stream of pure

N2 through ~t, and subst~quent chrr~-~-tographic analysis

of the gas stream, would also be inadequate. From dis-

cussions with colleagues engaged in chr~-~_to~raphic

analysis of gas mixtures, it would seem that oxygen

cannot be measured accurately in a gas at concentra-

tions below about 0.2t. The average 02 cOntent of an

N2 stre-m capable of r~m~ving all the 02 from a 100 pph

solution would probably be an order of magnitude lower

than the equillbriun value of 0.3%. Thus chromato-

graphic analysis would not be capable of measuring 02

at the required level.

B. Colorimetrlc. When an indigo carmine-potassium

hydroxide reagent is added to a sample containing

dissolved 02, a cOlor is developed which is charac-

terlstic of the 02 concentratlor~ (ASTM, 1966). This

color can be compared with a set of standards to give

the 02 concentration within 5 ppb in the 0-60 ppb

range. Although this amtho~ is basically s~mple, it

(1) It was originally developed for use only for

concentrations up to 60 ppb, a~ is thus not suf-

Elciently flexible. Jones (1%70) extended the range

of sensitivity to 060 ppb but gave the recipes for

14!



color s~-a~ds corraspcu~/mg to only five 02 con-

centrae~ns -- 0.I0, 0.26, 0.40, 0.54, ~d ~.86 p~.

[2) ~ ~ ~]y flex~le, ~e t~ique ~u~d re-

quire ~e pre~ration of a v~ l~e D,~er of ~lor

st~dards, s~ of w~ch ~ht ~ ~st~le to light an~

heat (~M, 1966) ~d ~uld have to ~ ~t~tly

ren~. w~r~ver, prep~ation of standards for ~e

~ve 60 ppb ~uld necessitate s~ndardization wi~ 02

solutions of ~o~ concentration, which in itself

~u!d r~uire a reticle pr~.~ analytical technique.

[3) ~e tec~iq~ is rot ~n~le to instr~ental

analysis of ~e color develo~ ~cause ~e shade,

ra~er ~n the ~te~i~ of color, is ~e variable

affect~ by 02 ~entration. ~e factor of s~jectivity

involv~ in ~king ~lor ~ariso~ was to ~ avold~,

if ~ssible.

(4) ~e tec~ique is s~Ject to interference from

cop~r a~d far.us ions, intr~uclng a factor of ~-

eer~inty into analyse~.

6.3. ~e Wlnkler ~al~sls

6.~.I. Back~r~nd

~i~ t~chniq~ i~ ~e~aily r~ard~ as ~e ~st

In pre~ring ~e mt~dard o~en sol~ility ~blem for

freeh wa~r a~ ~eeve~r (e.g., Truem~le, et al., 1955),

othe~ analytical ~u. Air.ugh ~ny ~ification~
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16.1}

Thin precipit~te reacts with dis~olved 02, as well

as any oxidizing mpecios prosent, ~o form the trivalent



~nder alkallne conditions trlva~nt ~anganese £s u~-

able to o~dize I-. When suf:Lclent concentrated

aulf~t~ acid is added to the sample to ~ake it acidic,

however, the I- is o~dized to iod~e.

2Mn(~) 3 + 6H+ ÷ 3I---~ 2Mn÷2 + I~ + 6H20 {6.3)

The liberated lodge can then be deter~tn~ by titra-

tlon directly with thlosulfate:

(6.4)

According to Carrltt and Cazpenter [1966), reactLons

(6.1} to (6.3} can be expected to occur to completion,

so that for every ~olecule of oxygen reactLng two

~lec~lee of I~ £o~.

A blank to con~ensate for oxidizing or reducing

species also present in solutLon, is made by acidifying

the s~ple before adding the alkalLne iodLde a~d man-

ganous sulfate reagents. No Mn(0H) 2 precipitate Ls

formed, and thus oxygen ls not reduced. A negative

blank, which laight tend to occur in the case of a

reducing sUSie, L| avoided by adding a suLtable amount

of LodLne to the LodLde reagent. A standard correction
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is applied for oxygen dissolved i~ the r~gentz.

6.3.3. End-point Detection

The ~urse of the titration can be £ollowed by

a number of ~ethods. The simplest is the use of a

S~arch indicator, which turns fro~ blue to colorless

at the end-point. Of course, the lower the 02 con-

cent_ration being =easured, the lower is the intensity

of color produced by the starch. Potter (1957} quotes

Pieters’ claim that the threshold for ~e use of

starch as an indicator is 2.1 x 10 -6 N 12. This is

equivalent to a dissolved 02 content of 17 ppb and

defines the accuracy of tltratlons performed with a

starch indicator. Edglngton and Roberts (1969) found

that when tl~ratlng with Na2 $203 solutions more dilute

than 0.005 N the starch end-polnt became somewhat

indistinct. In this study it was found necessary to

use concentratlon~ &s low as 0.00025 N, a factor of 20

lower, in order to afford sufficient accuracy in reading

tltrant volumes. Thus it was thought appropriate to

use a non-subjectlve mea,s of detecting the end point.

The slightly arbitrary choice of potentlo~etrlc, rather

than a~p~rometric, titration was adopted. The titra-

tion technique will be fully described ft~rthar on.

A detailed description of reagent compositions and

standard analytical procedure is given in the ~

handbook (1966) 
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6.3.4. Interferences to the W~-Icler A~aly-4-

The Win~l~r ~nalysis is subject to the follow~9

i~ter ferencea:

(a) Con~ation of the s~ple with a~sph~rlc

oxygen during sa=pllng.

(b) Errors in the volumes of reagents added, e|peclally

that of the iodized KI solution, which contains a

relatively large concentration of s~ecles capable

of participating in redox reactions.

(c) ~r-oxldatlon of I" in the sample during and

after transfer to the vessel in which the tltra-

tlon la performed.

(d) Vol¯tilizatlon of the iodine in the fixed sample.

These factor8 have been studied by a number of authors

(Carrltt and Carpenter, I~66; Potter, 1957! Edg~ngton

and Robert~ 1969). Potter (1957} designed a modlfie~

version of the ASTM-recoamended sample vessel to

eliainate factor (b}, and also devised titration vessels

for Lodo~etrl¢ titration under ¯ bubblinq N2 atrea~, so

aa to eliainate factor (c].

¯ dgingto~ and Roberts [1~69} preferred to adapt

a 300 ~l. BOD bottle to oxygen-free sample collection

by building ¯ container which could acc~s~odate the

bottle and be purged with M2" Titrationa were p~r-

fonssd in an open beaker inside an M2-fllled vessel.

Care was taken to avoid using a ~Ovlng N2 stre--,

~Ich ~Ight encourage the ~olatili~atlon of 12 from
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~ fLxed sample.

6,4.1, The Need for a .~’. ~I! S~---pl~ Vol~

The sample ~i~ r~.-.~ by ~ (1966}

~les f~ 300 ~I. to 500 ~.; ~e s~le vessel is

to ~ fl~h~ wi~ at lint 10 ch~ges of test solu-

tlon. Edging~n and Ro~ts ree~-.--~ded at least 5

ch~ges of solutlon wh~ t~ing a 300 ~. s~ple.

~, ~e ~D{~ ~l~e necessa~ to t~e one s~le

is 1500 ~. This ~s~ a probl~ as far as ~e ~E

cell syst~ was ~nce~ed, since ~e to~l vol~e of

~e syst~ was only ~ut i liter, of which 400 ml. was

avail~le for s~ling, ~o rest ~ing ne~ to fill

~e cell ~d ~it recirculation of solution. ~

t~ of ~nlatuzi~ fixation was ~ezefore r~uiz~,

involving s~les no l~ge= ~ ~out 30 ml., and

ne~g no fl~hlng. Jones (19~0) eescri~d 

tec~i~e in ~i~ a i00-~, round-~t~m boiling flask

was evac~t~, after ~Ich ~e s~le was ~a~ in,

a~t ~le~ly filling ~e vessel. ~ indigo-

c~Ine reagent was a~ to ~e flask ~fo:e evac~-

tlon. ~ll tec~i~e Wal ~t ~ed In ~e present

study Eor l~eral rea$~s. First, It was f~n~ to ~

~sfer of ~e fix~ s~le ~ a titration vessel
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would have been very difficult, and the ~-~unt of aolu-

t/on ro~-qr, ing on the walls of the vessel may not have

been constant. Finally, thorough cleaning of the

s~p1e vessels ~uld have been troublesome.

M~iaturization of the technlqtle used by Edgi~g~on

and l~berts, using 35 ml. BOD bottles, was ~vestigated,

and founa to ~e cu~ersome. Transfer of the fixed

s~-~. le to the titration vessel seo~-d to contain the

same inherent disadvantages as in Jones’ method.

6.4.2. Description Of the M~-~ature S~le Vessel

A new ~ulaturlzed titration vessel was designed,

which was particularly well-sulted to the RDE syst,~m,

and which was thought to incorporate all of the ~prove-

ments ,~_de by the above-mentloned researchers. Especlall¥

convenient was the fact that e~,Tle fixing and ~iuration

could be carried out in the s~ vessel. This vessel

consisted of a 40 ml. weighing bottle, onto which

connections were blown, as shown in Fig. 6.1. Four

such vessels could be coupled to a gas ,~nlfold by

means of ball Joints, so tha~ four samples could be

treated s~altaneousl¥. Each vessel could be evacuated

by means of a vacuum pu~p capable of less than 0.5 ~

Hg. absolute pressure, then quickly filled with oxygen-

free nitrogen. The ~ound glass 34/12 Joint of each

e--~le vessel wee lapped with carborundmn po~der, to

prevent J~-~-~ Ing during evacuation.

Each injection t~be was sealed with a Bittner
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~he s~ple ~d reagen~ were injected. ~tirring of

~e s~les a~ter ~e a~ition of ea~ reagent, was

e~fect~ by Pyr~-~t~ I/2-1n. ~etic stirrer ~rs,

~i~ ~:e plac~ In ~ vessel prior to e~’acua~ion.

~rex-~t~ s~rers ~re us~ ~ause ~gington ~d

~s (1969) fou~ that Teflon-~d ~gon-~t~

stirrers ~sor~ 02 to an extend ~ich was ~t

n~1~glble at ~e 100 ppb 02 level, a~ ~ich ~r~ver

was not ~nst~t. Pyrex, on ~e other hand. was found

to absorb a n~llg~ble ~t of 02.

6.4.3. S~l~nq Pr~

ussd, ~Ich facllltatea an a~ato ~rrection for

standard Wi~ler anaIysls asses a consist correc-

tion for ~i$ qu~tlty.

~ginqton and ~r~ (1969) claim the cr~it

for developing this tec~iq~, although it was first

~@n s liquid s~l~ Is tr~at~ ac~rdin9 to the

W/nkler technique a~d titrat~d, the flier represents

the s,-- of four quantities. This can be stated

conveniently as

S - 502 ÷ Sr~ ¯ R02 ¯ Rred



DS - S02 + Sre d + 2R02 + 2Rred {6.7)

and

DS - Sre d + 2Rre d (6.8)

By rearranging eqne. (6.$)-(6.8) it can be shown 

(Zdgington and Roberts, 1969)

S02 - 2S - DS - (2B - DB)
(6.9)

~02 - DS - S - B
(6.10)



Rred = DB - B (G.12}

It can be seen that t-his te~niq~e requires

t~wice as ~-ny samples as d~s ~e standard ~i~le~

~£q~. I~ d~s, h~ver, ~ ~prov~ pre-

cision a~ ~d bel~ ~e 50 ppb 02 level, ~ere ~e

relative or~r d~ ~o ~cer~ain~ies in ~e 02 ~n~en~

o~ ~e reagents, ~y ~ conslder~le.

That fluctuations can occur in the 02 ~ntent

of ~e Winkler re~g~ts, was d~nstrat~ b~ ~gington

and ~rts ~1969), ~ investlgat~ various ways of

deo~genatin 9 t~e i~ide and ~S04 solutions, and ~er<

~le to reduce ~eir 01 con~ent by a~t 75~. However,

without t~e use of s~clal handling ~ui~nt it was

found ~s~ible to ~intain a constant 0~ ~ncentra-

tion. ~I~ air-sa~uratlon o~ ~e reagents still did

not result in a ~ns~nt, repr~ucible ~ncentratlon.

Nevertheless, it should be ~Int~ out ~at the devia-

tions ~ere onl~ o~ ~e order of ~t ~ ppb 02, an error

~i~ Is o~ little slgni~icance except w~en analyzing

~lutlons o~ 01 ~ntent ~I~. say. 50 ppb. In all

o~er cases a sta~ard correction for 02 In the reagents

ai9ht suffice.

~ t~ical titration results are sh~ in

T~Io 6.1. ~e ti~rs are e~remm~ aa ~. of 12,
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P~--’.~. le| of Wink!er Titration Results

02 S R n~ DR 502 R02 Sred Rre¢
RUN LEVEL (meg. ~2 x I03) (ppm 02)

52 -6.8 16.96 0.09 17.03 0.19 6.76 -0 -0 0.04

58 -0.i 0.44 0.08 0.59 0.18 0.12 0.02 -0 0.04

Note that Sre d and Rre d are independent of 02 concentra-

tion. This is to be expected since the medium and

reagents were the ma~e for each run.

Before samples w~re collected the ball joint and

main (34/12) joint of each sample vesse! were lightly

greased. The area greased was clear of the highest

liquid level attained in each sample vessel, so that

contamination of the samples with grease was not pos-

sible. The gas manifold was thoroughly flushed with

nitrogen. The sample vessels were connects4 to the

manltold and evacuate~, and then tilled with ~2 |’~i-

~ure’, approx. I0 pp~ 02, or "02-free’, 2-4 ppm 02).

Thla procedure was usually carried out three times

before a sample was injected i,to the sample vessel.

A slight S2 overprelsure was maintained in the
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means of a 20 ml., glass B-D Yale hypodermic syringe

with a 20-gage s~ainlesa steel ’Luer-Lok’ needle,

which was inserted into the saturator via a silicone

rubber sept.. Initially a ~ilton gas-tight syringe

wi~h a teflon-tipped plunger was used, but it was

very difficult to dislodge gas bu~bles from the sur-

face of the teflon. This syringe finally broke while

being trapped to dislodge a tenacious gas bubble: the

B-D syringe with glass plunger was then used, and prove~

to be easier to handle.

Prior to taking each semple, the syringe was

flushed b~ filllnq and em~tylng it a fe~ times while

withdrawn, and in]acted into a sample vessel.

Reagents were handled in 0.5 cc B-D Tuberculin

syringes fitted with 23 gage stainless steel needles.

During a set o! titrations a smell quantity of each

reagent was kept in a test tube open to the air, Zt

was assuaed that the reagents were substantially

saturated with air, and that their 02 content was

COnstant during an exper/~ent. Since the vol~ of

e~ch slmpl~ ~as only 20 al., instead of the usual

]00-500 el., the reagent volt.as were reduced accord-

ingly.

Yitratlon of a fixed sample was affected by



quickly r~m~vin~ ~-he serum stopper frc~ r_he injection

tube and ~nserting the specially-constructed titration

apparatus. Since N2 was able to flow into the sample

vessel and out of the injection tube during this step,

there was little opportunity for air to enter the

vessel a~d affect the I-/I] balance.

Volatilitizatlon of 12 f~ fixed sanples during

titration, was ~inL~/xed by keeping the samples cool:

The electrical stirrer used to stSr the samples

tended to heat up during analyses, and warm the

samples. Using an alr-po~ered stirrer was considered

inconven~nt because of the poor spe~d cOntrol ~vail-

a~le with such a device. So a small .~ooling device,

cOnsisting of a copper tube through which air flowed,

with holes drilled in it, and shaped to fit the top

of the stirrer, was built and performed well.

After ~each s*-~.le v~ssel was degreased with hex~ue.

Vessels and stirrer bars were soaked for at least 18

hours in chro~ic-acid cleanser, after which the

cleanser was rinsed off and the vessels soaked for one

day in a mild detergent solution. They were then

scrubbed, rinsed with tap water, then distilled water,

and dried in an oven.

6.4.4. Miniature Titration Apparatu%

The titration apparatus is sho~ in Fig. 6.2.

The portion which was inserted into the fixed sample

consisted of a burette tip, a platin,-- wire electrode,
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~d a KCI-agar salt bridge. The whole a~s-~ly was cf

6 ~,. d~x~ter at the stopger. The salt bri~

terminated at the upper ~ in a narro~ cell into which

a cal~el reference electrode was inserted. The burette

was of 2 ml. capacity, calibrated in hundredths of a

ml., and filled frc~ a reservoir via a 3-way tap.

The potentla~ due to the I3/I- - redox couple at

the platinum electx~de, relative to the calomel

electrode, was .edlcated by e Beck-~n Model 76 pH meter.

A curve was plotted of potential __vs. v~1~e of Ns2S203

tltrant added, giving an S-shaped curve. The end-

point was indicated by the pOint of inflection of

this curve. For a given sampling mode {e.g., S or DS}

and solution being analysed the inflection point usually

o~¢ur~ed at a fixed potential. The oxygen content of

the sample was calculated using e~n. (6.9}.

When anslyzlng solutions for 02 content two sets

of samples were usually taken. Each foul-sample set

was analyxed by the single/double reaqent addition

technique dexcrib~d in Section 6.4.~. ~ach titer

value ua~ in calculating the 02 concentration by

means of eqn. (6.9}, ~ax therefore the mean of two

values. Extra sa~ple~ were taken to compensate for

~purlous titer|, b~t the s-all vol~e of the RDE

a¥|tem limited the number of possible samples to about



Table ~.2 $~1~,~-~rizes the reproducibility obtained

in sample and blank titers at two 02 levels. The

reproducib£1ity of blank titers was always better ~han

about 4t, end often as gc~d as it, irrespective of 02

concentration. Although good reproducibility of s~-~.le

titers could be obtained at 0 concentrations as I~

as 70 ppb, in e~ exper~nts at the I00 ppb - 02

level the sample titers tended to fluctuate wildly.

This was attrlb~tod to shortcom/nqs inherent in th~

use of a syringe for s~pllng, and will be more fully

discussed in the next section.

It should be noted that although some o£ the a

errors listed in Table 6.2 for blanks are higher than

those listed for s~ples, the former are equivalent to

far smaller absolute quantities of oxygen.

6.6. Sources of Error Inherent in the )ulal~tical
Technique Used ~n This Study

The largest fluctuations in titer occurred with

samples o~ low oxygen content. This indicated that

oxygen was leaking into the samples during sa~lir, g

end/or fixing. Four possible aources of error were

proposed and tested. ~noy were: |i) Leakage of 02 into

the magpie syringe durlng s~llng,

(i~) Leakage Of 02 through hole. in the serum stopp~rs

on the In~ectlon tubes,

(~) ~o~ta~Inat~on Of sables by manganlc oxide pushed

into the samples by the acid reagent syringe, and
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Typical Eample and Blank Titers Obtained at
High and Low 02 L~vels

02 CONCENTRATION TYPE OF TITER ~LU~S DEVIATION FROM

[p~n} TITER (~) ~

7.2 Sa~eple 4.2 5
4.34 ± 1.01

4.28
4.36

7.2 Blank

0.1 Blank

0.199
0.199
0.182
0.182

1.621
1.569
1. 399
1.468

0.709
0.720
0.716
0.732
0.731
0.733

÷
- 1.41



(iv) Errors resulting from the 02 con~ent of the 2

blanket above the samples in the sample vessels.

(i) One shortcoming of the analytical procedure 

the inability of the s~mple s~ringe to be flushed

thoroughly before a sample is taken. A fil~ of liquid

is always present between the barrel and plunger of

the syringe when the syring~ contains no sample. This

film may have a relatively high 02 content, since it

will tend to equilibrate with atmospheric 02 each t~me

the syringe is opened. The weight of such a film was

found to be about 0.06 gm. If this film was relatively

saturated with air it could contain about 5 ppm 02 at

25"C, i.e., a total of 0.3 x 10-6 gm. 02. In a 20 ml.

sample containing 100 ppb 02 there are 2.0 x 10-6 ~m. 02.

Hence the error incurred when the film is mixed with a

fresh sample, may be as much as 15%.

This proposal was tested in two ways. In the

first test several samples were taken in the normal

manner, i.e., by simply withdrawing the plunger of the

syringe. S*,~. lee were then taken by withdrawing the

plunger and depressing it three times before actually

r--~ving the sample. It was thought that the latter

technique ~uld exaggerate the extent of contamination

by air diasol~ed in the film on the plu.ger. The

samples were fixed and tltrated. The results of this

test ware Inconclusive, since the tlters fluctuated

~0



In the second ~est sampling cf an NaCI solution

~ntaining about 60 ppb 02, was carried out inside an

N2-filled glove bag. The resulting titers exhibited

much less fluctuation than those obtained previously.

This confirmed that the sampling technique was a source

of error.

(ii) By the time the sa~le and reagents have been

injected through the serum stopper into a sample vessel,

the stopper has been punctured three times. It was

found that the punctures did not always reseal. Whether

02 was leaking though puncture holes and contaminating

s~les during fixing, was tested as follows: Of eight

sample vessels in which samples were being fixed, the

stoppers of four were sealed with grease. After fix-

ing and titration, it was found that both sets of

samples exhibited the same random fluctuations in titer,

so that leakage of 02 through serum stoppers could not

be considered a source of error.

(iii} When the reagent syringes wez~ inserted through

a stopper and emptied, a drop of reagent sometimes

remained on the needle tip. When the needle was

withdrawn, this liquid could be wiped off onto the

inside of the serum stopper. Thus the alkaline

iodide and the manganous sulfate could have combined

to form an o~ygen-flxlng manganous hydroxide deposit

on the inside of the stopper, adjacent to the puncture

holes. Air diffusing through these ho~es could have



oxiduized the deposit during the approxi~tely ten ~inutes

of fixing. When the H2SO4 syringe was inserted it m~ght

have carried some_ of the oxidized deposit down into the

solution, thus increasing the ~mount of manganic ion

in solution, and leading to a high titer. This proposal

was tested by injecting KI and MnSO4 reagents through

serum stoppers placed on N2-filled sample vessles.

These were allowed to sta~d for I hour, after which the

se.-~m stoppers were transferred to vessels containing

20 ~I. of NaCI solution and 0.2 ml. of iodide reagent.

0.2 ml. of H2S04 was injected through the serum stoppers

into the samples, which were titrated. These ’con-

tam/nated’ titers were compare~ with those of samples

to which 0.2 ml. each of HI and H2S04 reagents had

been added. The results, shown in Table 6.3, are so

similar that they cannot account for any of the scatter

normally present in titers, and so the possibility of

this type of error can be eliminated completely.

TABLE 6.3

Effect of Deposit On Serum Stopper

SAMPLE TYPE TITER (m£} AVERAGE (m~)

231 "Contaminated"

I 0.2580.2450.237
0.247 + 0.011

45
"Normal"

I 0"2320-226

0.229 + 0.003



¯ ~le d~ing 0 2 fixing, a sit~t~n ~ich d~s not

Vat no o~gen be ~resent in this gas, ~ca~e of Ve

~il~y of its diff~g into the s~e during

fixing. Using Ve solution f~r the ~al~s ~i~

of heat transfer through a sl~ (Perry, et el., 1963)

it was ~l~t~ Vat 95| of the 02 present In the N2

gas blanket can diffuse to ~e gas-llq~id ~n~erface

end react in a~ut one minute. This is far less than

Ve ~~ fixing ti~ of 5-15 minutes (~TM, 1966).

~e N2 gas originall~ used in Vis study wa~

Liquid ~r~nic "hi-pure," with an average 02 content

of 10 p~ by vol~. It was calculated that the 02

present in s blanket of this gas c~Id result in a 15%

error when ~ss~l~ an 02 concentration of I00 ppb.

~is er~r was reduced to less than 5%, when measuring

low 02 ~at~, by the use of ~e~n "0~-free"

N2, which was ~rtlfi~ to ~n~in less ~an 5 p~ 02,

a~ ~e~q~ 3 p~ 92.

b~nce diffusion and dissolution of ~e 02 in ~e

gas blanket are so rapid, one might exact all samples

to ~ affected by this 0~ to the s~ extent. The

trace 0 2 in ~e gas blanket ~n~t, therefore, ~t

for £1uctuattons in titer.

In this ~udy the titration r~sults were not





Samples were protected from aL~-n~dation duri~ fib-

lag and titration by an N2 blanket. Since the H202

c~ncentratione being =easure~i were about four orders

O~ ~gnit~de lo~er than those for which the analytical

procedure described in the literature had been designed,

reagent concen~atlons could be reduced accordingly.

The reagents, and volumes thereof, used in analyses,

were identical to those used for 02 analyses. Before

the addition Of H202 (injected as "l-volume" solution)

to the R~E system, a bl~nk analysis was perfocmed on

the circ~latlnF solution. The tlter obtained was then

used as a blank for the sample~ containin% B202.

The reproducibility of the H202 tlters was

generally better than 2t~ the largest scatter observe~

in tltere was 5.3t,
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D

E

f

F

K

n

r

R

co~c~ntratio~

diffusivity

potential

~raction of 02 under~oin~ 2-electron
reduction

the Faraday number

qr av~tational force

curr~nt de.airy

curr~nt

ma~s flux

reaction rate constant

0.6205 $c -2/~ v1/2

I ÷ 0.298 $c-I/3÷ 0.14514 Sc-213 ’

~he convective rate const~.t, eqn(l.20)

number of electrons traneferred per

¯ 01e of reactarlt

no~mal hydrogen electrode

radius, radial coordinate

¯ kl~at~ , ratio of rate constants,

k),exp

see section 3.5.3
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boundary layer thickness

kinematic viscosity

density

azimuthal coordinate

rate of rotation
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expanded reaction model

hydro~y.a~c

species "i"
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o~ter

radial direction

rlng

si~li~led react~en mo~el

theoretical ly pre~ctud
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bu~ of solution

surfa~ of the e~ctrode
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13 Pt

16

25
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APPENDIX A

Summary of Experiments Mentioned in Text

02 CONC.
H202 CONC. EFFECT INVESTIGATED(ppm)

1.7

0.5

6.71

0.77

0.12

0.07

0.09

7.15

Polarization curve.

Effect of potential and
duration of anodlzation
on illm.

Current decay.

Polarization curve.

Polarization curve.

ill m vs. wl/~, k3

Current dcca~

Polarization curve.

Effect of electrode

deactivation on K3.

k3

LOCATION IN TEXT

Sec 3.3.1 & Fig 3.5

Sec 4.4.2

Secs 3.2,4.2 &
Fig. 3.1

Sec. 3.3.1 & Fig 3.5

Snc 3~3.1 & Fig 3.6

Sec 3.4.3 & Fig 3.12

Secs 3.2,4.2 &
Fig. 3.1
Sec 3.3.1 & Fig 3.7

Sec 4.3

Sec 3.4.2



MEDIUM

0 2 CONC.

(ppm) H202 CONC. EFFECT INVESTIGATED LOCATIC’N IN TEXT

69 Ft

73

74

3.5%NaCl 0.08

0.09

0.09

7.15

Effect of ~ on rate
of current decay.

Polarization curve.
Hysteresis.

Effect of Standby, and
potentlal and duration
of anodizatlon, on illm.

Current decay.

Polarization curve.

Ill mvs ~i/2,activated

Pt.
k 3 ¢.~ NaCI soln.

ili m vs ~I/2,

deactivated Ft.
Effect of e~ctrode
deactivation on k3
Effect of Standby, and
potential and dur~tlon

of anodization, on illm.
Hysteresis.

Soc 4.4.2 & Fig 4.3

Sec 3.3.2 & Fig 3.9
Soc 4.5 & Fig 4.6

Sec. 4.4.2

Socs 3.2,4.2 &
Fig 3.1
Sec 3.3.2 & Fig 3.8

Sec 3.4.2 & Fig 3.11

Soc 3.4.2

Sec 4.3 & Fig 4.1

Sec 4.3

Soc 4.4.2

Sec 4.5 & Fig 4.5
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Effect of stat~ of
~le~tr~o ~urface on
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Sec 4.] t Vlq 4.1

~cc 4.~ ¯ Vx,~ 4.4



7.1~

2.0

2.0

~.~

H2O2 CON(’. I~X~ATION IL T~XT

and duration or

~fr~t u~ Standby, and
potential and duratlo~*
of ancxlizatlon, on Ill~.

5oc 4.4.2



H202 Concentration negl~gtble co~ared to

112

k|*k4{l"~1

(B.I)

k)- (n.2}

This value of

k},e~p. ~ote thet %n eqn.
Is equal to kthe~) r where

(h.2} the tera

2~-I/2~02c~2

the current predicted by the Lev|ch ~quatton (1.20) for

4~l~:t~n reduction of 02.

The s~p|Ifled reaction m~del as~,,mes t - I and

k4 - O. Under these conditl©ns ~qn. (B.2) r~uces 



2~

ithNr

Let

~202-I/2

- ~

~th~r

KH202-I/2

2~
ith~ r - 12-f) - l

(B.4)

Plv~dlng numerator a~d denoa~nator o[ eqn (B.4} Ly the

l

- I2i
~h~r " I k411-;)

(B.5)

tOm.

ith~ r - 1

~th~r " (2-t|

One then obtains,

- I

II1



~qn (B.~) can De ~r~en 

l

B k3,ez p R

whlch leads to the reaul~

k4 ~~ = 2 * kl~ex P (l’i}

(B.~)

(~.8)

,rid k4 ¯ 0 eqn {B.S} b~¢o~ea

{B.IO)



k3
~ ~hen given by

When ~ ¯ I and k4 - O, in lcccirdince tlth ~he

iilplified ieiO~lon llodel0 eqn (B.12) r~:lucel 

lrlHlO/c~lO1"11l

C~binil~ tqnl (B.I2) inlt (B.l)) one can iI~ 

III



When f - 1 eqn {B.14) beck-ca

k4
(B.15]

Part 2: Calculation of k] Ratios Predicted ~

Eqns. (B.§) and (B.9)

The term 2i/ith~r typically varied fro~ a value

of I.~5 at low ~I/2{-8 sec. "I/2) to l. SO at high

wl/2(’l] sec. "1/2}. Values of R for the casesk4 = 0 and k4 - k],ex p have b~en calculated and

are listed in T~ble B.l.



TABLE B.I

2i

0.95 1.95
1.90
1.85
1.80

A B R (=k3 ’ simp/k3’ exp)

k4=0 k4=k3,exP

0.0526 " 0.0555 1.0555 1.6097
0.Ii!I 0.1176 1.0588 1.6148
0.1765 0.1875 1.0625 1.6203
0.2500 0.2667 1.0667 I.~267

0.90 1.95 0.0526 0.0588 1.1176 1.7324
1.90 0.IIIi 0.1250 1.1250 1.7437
1.85 0.1765 0.2000 1.1333 1.7566
1.80 0.2500 0.2857 1.1429 1.7714

0.80 1.95 0.0526 0.0667 1.2667 2.0266
1.80 0.2500 0.3333 1.3333 2.1333

0.70 1.95 0.0526 0.0769 1.4615 2.4116
1.80 0.2500 0.4000 1.6000 2.6400

0.50 1.95 0.0526 0.1111 2.1111 3.6943
1.80 0.2500 0.6667 2.6667 4.6667
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